We present a theory for a new type of optical spatial soliton that is based on the angle hole burning mechanism of photoisomerization in some polymers. We predict that the photoisomerization nonlinearity can support steady-state dark and bright spatial solitons in the polymer. We also discuss the dependence of the FWHM of the spatial soliton on wavelengths of the background beams and on the ratio of the intensity of the background beam to that of the signal beam. © 2004 Optical Society of America OCIS codes: 190.5530, 190.4710. Optical spatial solitons (SSs) are one of the most interesting phenomena in nonlinear optics. A SS can be formed when the self-focusing effect of the material exactly balances the natural diffraction of a light beam. Several self-focusing effects have been found to support SSs. A SS based on the Kerr effect 1 requires relatively high power and can support only a one-dimensional SS in a slab waveguide.
Optical spatial solitons (SSs) are one of the most interesting phenomena in nonlinear optics. A SS can be formed when the self-focusing effect of the material exactly balances the natural diffraction of a light beam. Several self-focusing effects have been found to support SSs. A SS based on the Kerr effect 1 requires relatively high power and can support only a one-dimensional SS in a slab waveguide. 2, 3 The photorefractive effect 4 -15 is a saturable nonlinearity, which can support a one-or two-dimensional SS, of low power (microwatts or less) in a bulk medium. Recently, there has been intense interest in the formation of SSs or waveguides in polymers. Shi et al. 16 have formed, using photomasks, waveguides in a nonlinear optical polyester polymer with Disperse Red side groups. Sarkisov et al. 17 have formed dark SSs in the optical channel waveguides by upconverted photobleaching of dye-doped polymer f ilms. Bartuch et al. 18 and Serkin et al. 19 have formed SSs in planar polymer waveguides by exploiting Kerr-like nonlinearity. Shih and Sheu 15 have formed SSs in a photorefractive polymer by applying an electric f ield across the sample.
Photoinduced cis-trans isomerization is a well-known photochromatic process in polymers, especially those containing azobenzene, 20 which is sensitive to the polarization of the radiation and can induce birefringence in the material. The two mechanisms of photoinduced cis-trans isomerization 21, 22 are angle hole burning, 23 which is important if the cis state has a long lifetime, and photoinduced reorientation, 24, 25 which is dominant if the thermal relaxation from the cis-to-trans transition is relatively fast. Some polymers with photoisomerization have been found to have a large refractive-index change 26 and intensity-dependent nonlinearity 27 when illuminated and thus are capable of supporting SSs. In this Letter we predict theoretically that dark and bright SSs can be formed in a polymer sample with photoisomerization nonlinearity due to angle hole burning. This new type of SS is a steady-state type, and we show that photoisomerization nonlinearity is saturable. The FWHM of the SS can be varied by changing the wavelengths of the background and signal beams or by altering the ratio of the intensity of the background beam to that of the signal beam.
Consider a simplif ied model of isomerization between trans and cis states. When illuminated, there are three processes taking place in the polymer: optically activated trans-to-cis and cis-to-trans transitions and thermally activated cis-to-trans transition. When the polymer is illuminated by an unpolarized (e.g., light from an incandescent source) background light (intensity I b ) and launching a linearly polarized signal beam of intensity I s , change in the concentration of molecules in the trans state is given by
where T and T 0 are the concentrations of molecules in the trans state under illumination and in the dark, respectively; u is the angle between the molecular orientation and the direction of the electric field of the signal beam; q Ts and q Cs are the quantum yields of the signal beam for trans-to-cis and cis-to-trans transitions, respectively; q Tb and q Cb are the corresponding parameters of the background beam; s k T is the absorption cross section of the signal beam in the trans-to-cis transition for the molecules parallel to the electric f ield (the absorption cross section of the signal beam from the trans state to the cis state s 
The steady-state concentration T is given by
If the signal beam is absent, the steady-state distribution T 0 is then
The change in the refractive index 23, 26 in the material due to the signal beam is
where V is the solid angle and S is a positive parameter depending on the material and the wavelength of the signal beam. Let a q Cs s C ͑͞q Tb s 
We see that isomerization is a saturable nonlinear effect; for I !`, Dn ͑4pST 0 ͒ ͕͑a͞b͒ ͓1 2 p a͞b tan 21 ͑1͞ p b͞a ͔͒ 2 g͞3͖. Let n 0 be the unperturbed refractive index with the signal beam propagating along theẑ direction and diffracting along thex direction. The onedimensional Schrödinger equation describing the signal beam is 1 2k
where A is the slowly varying amplitude of the electric field of the signal beam, k k 0 n 0 , and D͑n 2 ͒ ഠ 2n 0 Dn. Assuming that A u͑x͒ p I D exp͑iGz͒, where G is the propagation constant of the SS, then we have I u 2 ͑x͒. For computational purposes it is convenient to cast Eq. (6) in a dimensionless form; thus we use j x͞x 0 , x 0 ͑8n 0 k 2 0 pST 0 ͒ 21͞2 , and b G͑͞4k 0 pST 0 ͒. With the above assumption and Eq. (5), Eq. (6) can be written as the so-called soliton equation in dimensionless form:
Consider the dark SS solution of Eq. (7). For j !`, let u͑`͒ u`, then we get
Assuming that the wavelength of the background beam is in the photoisomerization absorption band, whereas that of the signal beam is far from that band, we have a , , 1 and b , , 1. Let a b 0.1 and g 0.80 (the background-beam-activated trans-to-cis rate is smaller than that of the cis-to-trans transition). The SS solution obtained is depicted in Fig. 1 . The dimensionless value of the FWHM is 18.08 for u` 3.1. The FWHM reaches a minimum at I` u 2 ഠ 10. On the left and right sides of this point the FWHM increases quickly and slowly, respectively, with I`(inset of Fig. 1 ). Now we consider the variation of the FWHM as a function of g. For small g values we can achieve a positive Dn that can support a bright SS in the material. If we choose a b 0.1 and g 0.20 (background-beam-activated trans-to-cis rate larger than that of the cis-to-trans transition), we get the bright SS solution shown in Fig. 2 . The FWHM of the SS as a function of I`is depicted in the inset of Fig. 2 .
To achieve a low-loss SS, we should choose the wavelength of the signal beam in the long wavelength region that is far away from the absorption band (typically in the blue-green region). As a numerical example, we assume that, in a poly(methyl methacrylate) Disperse Red 1 polymer, the FWHM of a dark SS is 30 mm for a b 0.1, g 0.80, u` 3.1, a 633-nm signal beam, and n 0 ഠ 1.5, 29 and we get a value of Dn for supporting a SS of 24.2 3 10 25 , a value that can be readily achieved (in Ref. 27 , Dn ϳ28 3 10 25 for l 633 nm and an intensity of 70 mW͞cm 2 ).
To conclude, we have predicted theoretically a new type of optical SS that can be supported by the isomerization nonlinear effect in polymers. This type of SS is a steady-state type. A dark or bright SS solution can be obtained by choosing a background beam of suitable wavelength.
